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1 Intr oduction

We submitthis reportto provide a costestimatefor the developmentof a completetransmissive
microshutterbasedMulti-ObjectSpectrograph(MOS)in concertwith our scienceinstrumentcon-
ceptreportof September1999. TheSeptemberreportcontainedonly thecostfor thetechnology
developmentof thetransmissivemicroshuttercomponent.

This reportis basedupona threeweekstudyeffort conductedby theInstrumentSynthesisand
AnalysisLaboratory(ISAL)atGoddardSpaceFlight Center;theteamincludedthePI, severalCo-
I’s,systemengineer, andspecialistsin optics,structures,mechanisms,thermaldesignandanalysis,
andelectronics.Two costestimatesareprovided;agrassrootscostestimategeneratedby theISAL
teamandacostgeneratedby theResourceAnalysisOffice(RAO).

1.1 Assumptions

Theconceptdesignandestimateassumethefollowing:

� All MOS dataprocessingarebehandledby MOS specificelectronics.If theNGSTC&DH
can handlethe autonomousMOS targeting processing,MOS specificelectronicscan be
reduced.

� The MOS structureand opticsare madeof aluminumand kinematicmountsare usedto
mounttheMOSto theISIM. Thermalgradientsshouldbelessthat1 K acrosstheinstrument,
sotheMOSis essentiallyisothermal.

� All opticsandmechanismshaveat leastonethermalsensor. Thefilter wheelhasa heater.

� Mechanismshaveaverylow dutycycleandrequirenopowerto maintainpositionwhile not
moving. They arestrappedto minimizecooldown timeafteractuation.

� The 4k x4k detectors,detectorcold andwarm electronicswill be provided, GFE, by the
NGSTproject.

� The“Yardstick”ISIM interfaceis assumed.

� Standardlosslessdatacompressionwould beprovidedby thespacecraftaspartof thecom-
municationsprotocol.

� If MOSpick-off mirrorcanbeplacedslightlyaheadof theOTA fieldmirrorminimizingfocal
surfacecurvature,theradiusof curvatureof thefocal surfaceimpingingon thetransmissive
microshutterwould thenbe about2.2 meters. We canthenforgo a 3 mirror Offner relay
beforethemicroshutter.
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1.2 ISIM Interface Issues

Mass TheMOS massis 173kgs,not includingthewarmsideelectronics.Themassof thewarm
sideelectronicsandcableis about2.3kgs.

Cold SidePower Detectorsdissipate18mWs,andthemicroshutterabout1 mW. Thefilter wheel
dissipationis negligible.

Warm SidePower 10.6Watts

Volume 1.64m2

Dimensions 1900by 900 mm with a cut-outof 500 by 350 mm. The heightof the instrument
is 640mm. A secondaryopticalbenchis 600by 541by 500mm. This portion is partially
within thecurrentISIM trussdesignvolume.

Cold-sidetemperature Theoptics,exceptfor thedetectors,shouldbe70K or colder. Thedetec-
torsshouldbecolderthan32K.

Optical alignment to the ISIM TheISIM canmaintainISIM–to–MOSopticalalignmenton the
orderof 10th’sof amillimeter.

Focalsurfaceflatnessat microshutter Sufficient to obviateneedfor a 3 mirror Offner relaybe-
fore themicroshutter.

Data Rate After co-adding,theMOSdataratewill beabout32kilobytespersecond.

2 TechnicalDescription

2.1 Optical

The 7.5 x 3.75 arcminutefield of view is larger than the OTA was designedfor, so the OTA
TertiaryandFastSteeringMirrors wereenlarged(seefigure1). A pickoff mirror is insertedin the
convergingf/24 beamto divert light sidewaysto themicroshutterarray. Thearrayselectsportions
of thefield to transmitto thespectrometersection,with a platescaleof 0.107arcsecondsper100
micronshutteraperture.TheOTA focal surfaceis curvedso that individual 512x 512segments
of themicro shutterarrayarestaggeredin focusto matchthelocal field. Thediverging chief rays
from suchalargefield of view makeaBaF2or MgF2field lensnecessary, althoughthepickoff and
fold mirrorsmightbeusedfor this instead.A fold mirror directsthelight forwardagain,towarda
collimatingmirror. Thismirror will probablybeatoroidor off-axisaspherein thefinal design.The
spectralselectionelementscomenext, at a pupil in the collimatedbeam.Filters for thegratings
wouldbeplacedheretoo,usedin doublepass.Finally atwo elementcamerarelaysthebeamto the
detectorarray. Thecameraelementshave not beenoptimizedeither, but will probablybetoroids
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or off-axis aspheresalso.Thecameramapsthe0.107arcsecondshuttersonto28 microndetector
pixels.

Figure1:
MOSinstrumentopticallayoutandray tracediagram.

2.2 Packaging

TheMOS instrumentconsistsof severalopticalelementsandtwo mechanisms:themicro-shutter
arrayandthegratingwheelmechanism.Thecomponentsaremountedon a largeprimaryoptical
benchor a smallsecondarybench(seefigure2). Theinstrumentstructureandcomponentmounts
aremadeof aluminumto provide uniform propertiesconsistentwith thealuminumoptics. Light
from theISIM faststeeringmirror is directedto a fold mirror at theMOS entrance.This mirror,
the micro-shutterarray, anda field lensaremountedon the secondaryoptical bench. The other
componentsaremountedon theprimaryopticalbench.Thegratingwheelmechanismconsistsof
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a Geneva mechanismdriven by a steppermotor. The MOS is mountedto the sideof the ISIM
cagestructure.ISIM mustmake someaccommodationfor theMOS secondaryopticalbench(see
figure3).

Figure2:
Mechanicalpackagingof thetransmissivemicroshutterMOSinstrument.

2.3 Thermal

Thegoalof theNIR MOSthermaldesignis to yield thelowestpossiblecryogenictemperatureson
theMOSdetectorandopticalbench.In addition,this thermaldesignprovidesisolationin orderto
minimizeits impacton therelatively isothermalenvironmentof theISIM. Thethermaldesignwill
utilize entirelypassivecoolingtechniques.

TheMOS detectorwill bemountedto theMOS opticalbenchusinglow conductancemounts
(ULTEM-1000)andthe detectorwill be isolatedfrom radiative heattransferthroughthe useof
thermalblankets. Cooling of the detectorwill be achieved througha copperthermalstrapcon-
nectingthe detectorto the ISIM detectorradiator. Thermalanalysesof the YardstickISIM have
revealedthatcoolingto 30-32Kis readilyachievableusingasmallthermalstrap( � 1kg).

The MOS optical benchwill be attachedto the ISIM optical benchtrussstructurethrough
the useof low conductancemounts. Thesemountsserve to restrict the flow of heatfrom the
ISIM throughthe MOS optical benchto the detector. They alsoserve to ensuremoreuniform
temperaturedistribution on the optical bench. Thermalanalysesof the YardstickISIM indicate
that the temperaturegradientfor both an Aluminum and Gamma-Aluminabenchis negligible
( � 1K).
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Figure3:
ThetransmissivemicroshutterMOSinstrumentattachedto theNGSTISIM.

All warmelectronics(dataprocessing,housekeeping,etc.)will beisolatedfrom thecryogenic
environmentof the ISIM by placing theseitemson the sun-sideof the NGST sunshield. Heat
arisingfrom conductivetransportalongtheharnessingfrom theelectronicsto themechanismsand
detectorof theMOSwill bedrawn off alongits pathin thesamemannerasotherISIM harnesses.

2.4 Electronics

The MOS electronicsis composedof five electronicscards,approximately6 x 8.25 inches,that
arehousedin a electronicsbox locatedon thewarmsideof the ISIM. As shown in figure4, the
MOS electronicsconsistsof a card for controlling the microshutter, a card for controlling the
aperturewheel,a cardfor collectinghousekeepingdata,a cardfor interfacingto the NGST and
providing additionalimagememory, anda cardcontaininga dataprocessor. The latter two cards
are requiredto supportautonomousoperationof the instrument. A cablingharnesscontaining
approximately120 signalsprovidesthe interfacesnecessaryfor controlling the microshutter( �
27),controllingtheaperturewheel( � 8), andcollectingdatafrom theremotetemperaturesensors
( � 80). Althoughunknown at thepresent,thecablingharnessmayconsistof flexible flat cables
containingcopperwires laminatedbetweenlayersof Kapton,with gold or coppermetalvacuum
depositedon the surface. The crosssectionalareaof the cableswill be very small, minimizing
thermalconductivity without overly restrictingelectricalconductivity. An additionalbenefitof
thisapproachis thatwhereneeded,controlledimpedancesmaybeprovided.

This estimateincludestheelectricalGSE.It is assumedthattheGSEwould provide theMOS
instrumentwith:
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� limited dataprocessingfunctions,

� accessto its collectedimages,

� anundesignatednumber(TBD) of cardslotsaccessibleovereitheraPCIor otherhighspeed
peripheralbus,

� regulatedpower.

Figure4:
Electronicsblockdiagram.

2.5 Software

Softwaredevelopmentfor thisinstrumentincludestheon-boardembeddedsoftware,NGSTC&DH
basedsoftware,andthegroundsoftwarefor controllingtheMOS.On-boarddataprocessingfrom
MOS, aswell asfor theotherinstruments,shouldbeprimarily a matterof readingthedetectors,
co-addingthe data,andflaggingbaddatadue to detectorcosmicray impacts. We would levy
requirementson theNGSTprovideddetectorsub-systemto ensureour needsaremet. TheMOS
specificsoftwarewould controlthemechanismsandheaters,monitortheinstrument,andprovide
autonomoustargetselectionfor theMOS baseduponknown algorithms.An algorithmsimilar to
theautonomoustargetselectionalgorithmrunningonaSUN(� 3 GHz)workstationprocesses300
objectsin 3 seconds.A 1 GHz machineshouldbeableto process20,000targetsin 70 seconds.
About16MBytesis requiredto storetheimageplusworkingsspacein memoryandprogramstore.



TransmissiveMicroshutterBasedMOSSpectrograph 7

2.6 Integration and Test

To minimizerisk, weplanto emphasizecryogenictestandcharacterizationof critical components
well beforesystemintegration.Theinstrumentopticaldesignhasbeendesignedsothatalignment
tolerancesarereadilyachievable.We will provide a groundsystemfor test,but expecttheNGST
projectwill provideaninterfacesimulatorandappropriatetemplatesfor verification.

Component
Environmental
Qualification

Characterization
Performance

Cryogenic

Mirrors
Gratings
Filters
Lenses
Detectors
Microshutters
Filter Wheel

Structural elements
Heaters

Cables

Ground Support Equipment

Integration
Test

Functional

Calibration
CryogenicAcoustics Vibration Mass

Properties

EMI/EMC
Thermal
Vacuum/
Balance

Cryogenic
Calibration

Ship

Figure5:
Flight qualificationof aMOSinstrument.

2.7 High SpectralResolutionwith High Sensitivity

Thehighestpossiblesensitivity over the .6 to 5 µm rangewith R � 3000 � 5000canbeprovided
by cross–dispersinganechellevia aprism.

The higherresolvingpower mode,R � 3000 � 5000,wasdescribedin the Septemberreport
asa choicebetweenanechellecross-dispersedby a FourierTransformSpectrometerandseveral
( � 11) gratingsto cover the 0.6-5µm spectralrange. Instead,we arenow baseliningan echelle
cross-dispersedby aprism.

Cross-dispersingwith a prismcoversthewholespectralrangein oneobservation,unlike sep-
aratefirst ordergratings,andso is � 11 timesfaster, andis moresensitive than the FTS cross-
disperserby avoiding increasedreadoutnoisefrom the many readoutsof the FTSstepsrequired
for thesehigherorders(4 - 30). It is alsomuchsimplerto implementandintegratewith thelower
resolutionmodes,with the echelleandprismoccupying only onepositionon the gratingwheel,
comparedto 11positionsfor thegratingsandanentirelydifferentopticalpathfor theFTS.How-
ever, becauseof thelargerfootprintof theechellespectrumonthedetectorwewill beableto look
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at many timesfewer objectsat once,only 15 - 30. This is why we droppedthis methodfor the
lower resolution.We consideroptimalsensitivity for fewerobjectsto bethepreferredtradein the
caseof thefewerbrighterobjectsto beobservedathigherresolution.

For pointsourcesthestandard2 � 2 or 2 � 3 apertureswouldbeopened.For extendedsources,
slitscouldbeopenedin rowsandscannedsequentially, or Hadamardtransformsusedasin thenext
section.

2.8 Multiplex Imaging Using the Micr oshutters

Efficient full field or multiple subarrayimagingcan be provided by encodingmultiple objects
with themicroshutterarraymaskusingHadamardpatterns.This is mostsensitive whendetector
darknoiselimited. Shuttersmaybeopeneduntil thebackgroundlimit is reached,without lossof
sensitivity.

For R � 1500,thewholefield maybeobservedto searchfor faint emissionline objectswith
weakcontinua,asmight beexpectedat thevery highestredshifts,with similar performanceto an
IFTS, but without interferometricoptics. This couldalsobeusedto resolve thetwo-dimensional
structureof extendedobjects,similar to anIFS,but with selectablespectralresolvingpower, spa-
tially andspectrallywell matchedto faintextendedgalaxies.

For R � 3000� 5000,many morethanthe15-30objects,andstructurewithin extendedobjects
couldbeobserved,usingtheHadamardtransformsto allow overlappingechelleformatfootprints.

3 CostEstimate

3.1 Schedule

Ourscheduleisbaseduponthemostcurrentprogrammilestonesfoundathttp://ngst.gsfc.nasa.gov
for theISIM, assummarizedin table1. For simplicity, we assumedthatphaseA//B beginsat in-
strumentselection,phaseC//D beginsat CDR andends1 monthafterLaunch.Detailsaboutthe
work performedduringeachphasemayfoundundersection3.3below.

3.2 CostSummary

A grassrootscostestimate(assumingfull costaccounting)wasdevelopedby theISAL Team,and
theRAOofficeproducedanindependentcostestimatebaseduponhistoricalprecedent(seetable2).
Thedetectorsanddetectorelectronics(detectorsub-system)werenot costedin thegrassrootsesti-
matebecausetheNGSTprojectwill provide them. TheNGSTprojectestimatesthevalueof the
detectorsub-systemto begreaterthan6M$. TheRAO costestimateincludesthecostof thedetec-
tor sub-system.Thedevelopmentcostsfor thetransmissivemicroshutterup throughdevelopment
of a2048 � 2048demonstrationshutterwerenotincludedin thisgrassrootsestimate.Development
of full size,flight qualifiedtransmissive microshutterandspareis estimatedto cost6M$; this is
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Milestone Date
InstrumentSelection February2002
PreliminaryDesignReview(PDR) December2002
Critical DesignReview(CDR) December2003
InstrumentDelivery December2005
StartISIM Integration March2006
Launch February2008

Table1:
Milestonesfor planningandcostinga transmissivemicroshutterbasedMOSspectrograph.

includedin this costestimate.Thegrassrootsestimateassumesa successfultechnologydevelop-
mentprogramprior to thestartof phaseA/B, providing a TRL of 5.25at thatpoint(seeoriginal
report,table2.3).

With 25% Contingency
Estimation Method No Contingency With DetectorSS Without DetectorSS
Grassroots 23,130 28,912
RAO (TRL=3.25) 32,700- 40,900 40,900- 51,200 34,900- 45,200
RAO (TRL=5.75) 28,500- 35,600 35,600- 44,500 29,600- 38,500

Table2:
Estimatedtotal costs,grassrootsand RAO, for a spectrographof 173 kgs, 10 Wattspower, 32
Kbytespersecdatarate

TheRAO officesuggeststhatthecostof technologydevelopmentof theMOScanbeestimated
by subtractingthe estimatefor a TRL of 3.25 from the estimatefor a TRL of 5.25. Using this
approach,thetechnologydevelopmentcostsfor theMOSis between3.9and4.8M$.

Table 3 containsthe MOS instrumentdevelopmentcostsfrom the grassrootsdistributedby
phase,without contingency, wherephaseA/B is assumedto begin right afterinstrumentselection
andphaseC/D is assumedto begin right afterCDR.Figure6 containsthemanpower distribution
by monthfrom thegrassroots,andfigure7 containstheexpectedburn rateby month.

3.3 Details

Thefollowing sectionscontaindetailsof thegrassrootscostestimate.
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WBS <A A/B C/D

CS Cont Mat. CS Cont Mat. CS Cont Mat.

K$ K$ K$ K$ K$ K$ K$ K$ K$

1.0 Management 82.7 0.0 0.0 265.3 110.2 20.0 396.5 179.1 20.0

2.0 Science
program

development

132.3 130.6 9.0 509.1 653.6 28.0 1378.32102.8 52.0

3.0 Systems
Engineering

23.2 26.1 0.0 303.0 166.4 57.0 568.7 134.3 138.1

4.0 SR&QA 23.2 24.2 0.0 185.1 126.6 37.0 235.0 204.6 36.0

5.0 Structure 39.3 0.0 0.0 1204.2 354.4 950.0 1556.5 432.3 600.0

6.0 Optics 23.2 26.1 0.0 215.9 40.0 104.0 284.4 36.7 4268.0

7.0 Electronics 23.2 28.9 0.0 124.0 315.8 116.0 811.5 671.9 554.0

8.0 Thermal
Engineering

21.0 0.0 0.0 172.7 0.0 303.8 253.3 0.0 101.2

9.0 Software 23.2 7.8 0.0 275.1 46.1 221.0 443.1 97.7 25.0

10.0 Detectors 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Sub−total 391.6 243.6 9.0 3254.41813.11836.85927.43859.45794.4

Table3:
MOSinstrumentdevelopmentcostswithoutcontingency distributedby phase.

3.3.1 Management

Themanagementteamis lean,with a full timeInstrumentManager, apart-timedeputyInstrument
Manager, apart-timeschedulerandparttimeadministrativesupport.

3.3.2 ScienceProgram Development

The scienceteamcostsare estimatedusing instrumentCo-I teammembersto co-ordinatekey
instrumentcharacteristicsandfunctionssuchasthemicroshutterarray, detectorarray, optics,cal-
ibration,operationsanddatareduction,andensurethatthey work togetherto satisfythescientific
requirements.They will definescientific requirementsfor the systemand subsystems,ensure
any necessarytechnologydevelopmentsaredone,ensuredesigntradesmaintainnecessaryperfor-
mancebut avoid over design,andprovidecontinuitythroughdesign,fabrication,test,calibration,
andon-orbitoperations.

3.3.3 SystemsEngineering

A classicalsystemsengineeringapproachis assumed,with afull timeInstrumentSystemEngineer,
and a full time Integrationand TestManagerstartingshortly beforeCDR. Part time analytical
supportis includedthroughphaseA/B, andparttimeadministrativesupportthroughout.Thecosts
for operatingtheenvironmentaltestchambersandtestcellsis includedunderthis line.
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Figure6:
Estimatedlabordistributionwithoutcontingency for thetransmissivemicroshutterbasedMOS

instrumentdevelopmentmodel.

3.3.4 SR&QA

A full timequalityassuranceengineeris assumedandaparttimecontractpartsengineer. Part time
administrativesupportis assumedthroughout.Budgetfor radiationtestingandotherpartstestsis
included.

3.3.5 Structure

Laborfor engineering,mechanicaldesign,integration,assemblyandalignmentareunderthis line.
Materialsandfabricationandstructureareincludedaswell as2 CAD stations.

3.3.6 Optics

Labor for engineeringanalysis,design,opticalmetrologyandfabricationareincludedunderthis
line. All optical elements,including the flight qualifiedmicroshutterareunderthis line; a flight
unit andaspareareassumedfor eachopticalelement.

3.3.7 Electronics

Laborfor thedesign,parts,fabrication,integrationandverificationof theelectronicsareincluded
underthis line. Theelectronicgroundsupportequipmentis includedunderthis line. Threefull
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Figure7:
Estimatedburnratewithoutcontingency for thetransmissivemicroshutterbasedMOSinstrument.
Thelargepeakis for fundingsub-systemprocurementsto maintainoptimalschedule.

time testconductorsareassumedto supportinstrumentsystemlevel integrationandtestareunder
this line. Flight andtestcablesarecostedunderthis line.

3.3.8 Thermal Engineering

Labor for thedesign,analysis,parts,fabricationandtestof thethermalcontrol is includedunder
this line. Supportfor thermalbalancetestingis includedunderthis line

3.3.9 Software

Laborfor thedevelopmentof theon-boardembeddedsoftware,NGSTC &DH residentsoftware,
andgroundtestandcontrolsoftwareunderthis line. A classicalsoftwaredocumentationapproach
is assumed.

3.3.10 Detectors

Thedetectorsub-systemwill beprovidedby theHGSTproject. Integrationcostsfor thedetector
sub-systemareincludedunderOpticsandElectronics.


